Abstract The Antarctic continent is known to be an unpopulated region due to its extreme weather and climate conditions. However, the air quality over this continent can be affected by long-lived anthropogenic pollutants from the mainland. The Argentinian region of Ushuaia is often the main source area of accumulated hazardous gases over the Antarctic Peninsula. The main objective of this study is to report the first in situ observations yet known of surface ozone (O 3 ) over Ushuaia, the Drake Passage, and Coastal Antarctic Peninsula (CAP) on board the RV Australis during the Malaysian Antarctic Scientific Expedition Cruise 2016 (MASEC'16).
Introduction
The climate change phenomena may affect atmospheric photochemistry conditions globally, including over the polar region. The change in temperature will change atmospheric pollution concentrations, especially in sensitive environment such as the polar regions. It should be noted that any changes in air pollution characteristics from polar regions will affect the climate globally. Polar regions such as the Antarctic are of interest for surface ozone (O 3 ) research for several reasons. First, anthropogenic sources and sinks are scarce because of low human population density and the absence of industrial activities (Neff et al. 2008; Wang et al. 2011) . Secondly, in the Antarctic, surface O 3 is mostly determined by natural processes and upward and downward transport from the stratosphere (Neff et al. 2008) . Therefore, O 3 data from these higher latitudes are of particular value for assessing background O 3 and are an indicator for hemispheric levels in the determination of global O 3 changes and trends (Neff et al. 2008) .
The interest in surface O 3 chemistry, its sources, and sinks is driven by the importance of its role in atmospheric oxidation chemistry, its harmful effects on human and other living things, and its contribution to radiative forcing (Oltmans 1993) . In contrast to CO 2 and CH 4 , O 3 is much more difficult to quantify, especially in the polar regions. Firstly, O 3 is a reactive gas and it is not preserved in the ice surface, and therefore, no records are available that span times before the development of O 3 measurement capabilities in the Antarctic (Neff et al. 2008) . Secondly, O 3 is involved in complex production and destruction chemistry, which causes O 3 concentrations to vary widely on geographical and temporal scales. In polar regions, water vapor content and UV radiation are much lower than other parts of the world, leading to longer lifetimes of surface O 3 (~100 days) (Helmig et al. 2007a ). Elevated surface O 3 over different continents has been observed on several occasions, for instance in Asian regions such as Malaysia (Latif et al. 2012 Awang et al. 2010 Ahamad et al. 2014) and China (Ge et al. 2012) ; European regions such as Mace Head, Ireland (Simmonds et al. 1997; Derwent et al. 2003) ; and the USA (Li et al. 2000) .
O 3 precursor emissions play an important role in the distributions of surface O 3 in the atmosphere. In the Antarctic, NO x can be emitted from snow and it has shown that the production of surface O 3 can occur in Antarctica via the photolysis reaction from NO x emissions (Neff et al. 2008 ). This denitrification resulting in NO x emissions in summer was identified over Antarctica (Jones et al. 1999 (Jones et al. , 2000 (Jones et al. , 2001 Davis et al. 2001) . Previous studies have shown surface O 3 and NO x over polar regions exhibit diurnal cycles and are anticorrelated, and the cycle is determined by the UV radiation intensity (Kumar et al. 2006) . Anthropogenic contributions to O 3 precursors such as NO x or CO can be transported from the mainland (South America) and also biogenic sources, to the Antarctic continent. The anthropogenic O 3 precursors were believed to be localized and time variant (Kumar et al. 2006) . Therefore, the dramatic surface O 3 loss during high UV radiation (summer) is of great interest. Previous in situ data of surface O 3 over the Antarctic has been reported by studies from several research stations such as Neumayer (Crawford et al. 2001 , Frieß et al. 2004 , Concordia (Legrand et al. 2009 ), Marambio (Taalas et al. 1993) , and Syowa (Murayama et al. 1992) . In general, these have been studied as individual events, or short-term time series of surface measurements.
In this study, we added more stations of in situ long-term observations of surface O 3 over Ushuaia (Argentina) and the Antarctic, including the Peninsula, namely Marambio (MM) (Argentina), Neumayer (NM) (Germany), Syowa (SY) (Japan), SPO (USA), and Halley Bay (HB) (UK). Data from the World Meteorology Organization World Data Centre for Green House Gases (WMO WDCGG) were relied on. In addition, satellite data of atmospheric air pollutants are becoming more widely used in the decision-making and environmental management activities of many part for research activities (Duncan et al. 2014) .
Data assimilations used in global models from satellite data such as by the Monitoring Atmospheric Composition and Climate (MACC) project are also commonly used in atmospheric composition analysis (Inness et al. 2013 , Inness et al. 2015 . The MACC combined state-of-the-art atmospheric modeling with earth observation data to provide information services covering European air quality, global atmospheric composition, climate, and UV and solar energy (Innes et al. 2013) . The data from MACC were used in a previous study on the analysis of long-term atmospheric composition data by Inness et al. (2013) to give indication of its quality compared to in situ observations. Their results showed the mean relative MACC reanalysis and ozonesonde tropospheric O 3 measurements were within ± 5 to 10% in the Northern Hemisphere (NH) and over the Antarctic.
Thus, the combination of real-time in situ observation, satellite data, and data assimilation in global models over such region like the Antarctic is a priority in this study. Therefore, assimilations of satellite data on atmospheric composition, with a focus on surface O 3 , will be used for data comparison to assess its quality. Satellite data assimilation has been carried out previously (Holm et al. 1999; Khattatov et al. 2000; Dethof and Holm 2004; Geer et al. 2006; Arellano et al. 2007; Lahoz et al. 2007; Dragani 2011) , and global O 3 forecasts are now routinely produced by several meteorological centers (Inness et al. 2013) . NOAA (National Oceanic and Atmospheric Administration) Atmospheric Infrared Sounder (AIRS) satellite-based products for atmospheric composition are freely available from NASA's website (http://giovanni. gsfc.nasa.gov/). A barrier to using these types of data is the inherent difficulties associated with steps such as accessing, processing, and properly interpreting them. The importance of this study also lies in the fact that Antarctica is a remote continent where a study using even a small data set on any atmospheric trace gases has much scientific value. Although studies on surface O 3 over Antarctica were available in the literature, information of its distributions over the Drake Passage and the coast of the Antarctic Peninsula is still unknown.
We present here measurements of surface O 3 mixing ratios in the marine boundary layer over Ushuaia, the southern part of the Southern Ocean (SO) (the Drake Passage), and CAP. The measurements were taken from an oceanographic research vessel during MASEC'2016 as part of the Sultan Mizan Antarctic Research Foundation Grant (YPASM) program and as part of the Malaysia Antarctic Research Program (MARP). The first objective of this study was to show a new cruise observation of surface O 3 over Ushuaia, the Drake Passage, and CAP. Secondly, it was to show a long-term (5-year) data set of temporal surface O 3 distribution over Ushuaia and five research stations in Antarctica (Western, Eastern, Southern, and Peninsula), namely MM, NM, SY, SPO, and HB, from WDCGG data. These measurements are important because the geographic and climate conditions over Ushuaia and the Antarctic region are completely different. The differences between these two areas may influence the atmospheric conditions. The five-year long-term data set will be compared with Malaysian Antarctic Scientific Expedition Cruise 2016 (MASEC'16) data for spatial-temporal distributions of surface O 3 over the Antarctic region. In addition, satellite and global data assimilations will be compared with observations from MASEC'16. The purpose of this comparison is to validate data agreement between the NOAA satellite, MACC reanalysis, and on board O 3 measurements with sufficient density and continuity to deliver strongly consistent analyses between freely available satellite and global model products. Finally, this paper will discuss the multi-year temporal carbon monoxide (CO) and surface O 3 relationship over Ushuaia and the South Pole to investigate the influence of its precursor on the surface O 3 mixing ratio. In this study, Blong-term^refers to the multi-year data and Bshort-term^refers to MASEC'16 data. We also used the Bmixing ratio^(concentration) term as the principal measurement of atmospheric composition.
Measurement and sampling
MASEC'16 took place on board the RV Australis between 16th January and 8th February 2016 from Ushuaia, Argentina, to Darboux Island and back to Ushuaia (Graham Coast, the Antarctic Peninsula) as shown in Fig. 1 . On each cruise, an EcoTech (Australia) model Serinus 10 O 3 analyzer was used to measure the surface O 3 . The EcoTech was well maintained and had been calibrated prior to the expedition cruise. The calibration was based on a 7-point standard from low to high concentration, with a range of interest of 0.1 to 200 ppb (parts per billion by volume) and detection limits of 0 to 50 ppb. The accuracy or precision of the EcoTech is 0.5 ppb or 0.2%. The O 3 analyzer later was calibrated again after the expedition to check for drifting of the calibration curve. The O 3 analyzer was installed at the back of the vessel and a 10-m long 1/4″ ID Teflon sample line was used to draw air samples from an inlet at the bow of the vessel with the inlet adjusted at each sampling time to face the prevailing wind.
The cruise participants were from different scientific backgrounds, predominantly biology. The vessel sailed across the sub-Antarctic and Antarctic regions with various conditions. The RV Australis route started from the town of Ushuaia, Argentina (55°S, 68°W, population 42,000). The EcoTech was deployed from the 16th to the 18th January at Ushuaia and surface O 3 was measured for 24 h. The EcoTech was then deployed for cruise measurements on the RV Australis from the 16th January and surface O 3 was measured from then to the end of the cruise on the 8th February. The vessel arrived at the South Korean King Sejong station on the 24th January and anchored for a day. The cruise then continued to the Antarctic Peninsula and ended at Graham Land (Darbeux Island) on the coast of the Antarctic Peninsula.
Data analysis
To illustrate multi-year updated measurements over Ushuaia and Antarctica, 5 years of data, from the 1st January 2009 to the 31st December 2015, were used from the WMO World Data Centre for greenhouse gases (http://ds.data.jma.go.jp/ gmd/wdcgg/cgi-bin/wdcgg). However, the Ushuaia station data from WDCGG was available only until 2014. In this study, to investigate surface O 3 over Antarctica, five stations were selected for surface O 3 analysis. The stations were Marambio (MM) (Argentina), NM (Germany), SY (Japan), SPO (USA), and Halley Bay (HB) (UK). All selected stations were chosen based on their location in Antarctica including the Peninsula. The surface O 3 data recorded during MASEC'16 were validated using the corresponding monthly averages of the multi-year data. The AIRS satellite-derived surface O 3 (1000 hPa) concentrations were derived from the NASA BGiovanni^online database (http://giovanni.gsfc.nasa. gov/) and were used to determine apparent surface O 3 values in the 1 × 1°grid square nearest to each sampling point. The MACC reanalysis of surface O 3 (1000 hPa) values in the 0. 125°× 0.125°grid square nearest to each sampling point was taken from http://apps.ecmwf.int/datasets/data/.
To investigate the relationship between surface O 3 and its precursors, CO data was derived from WMO WDCGG. Multiyear hourly measurements of CO over Ushuaia from 1st January 2009 to 31st December 2013 were used. The CO data from the WDCGG database were limited over Antarctica. Thus, monthly CO mixing ratio data over the South Pole in the Antarctic region were used. CO mixing ratios are believed to be consistently low over Antarctica compared to Ushuaia. Thus, CO over the SPO is used to represent the whole region of Antarctica. The correlation plot between surface O 3 and CO will be constructed to investigate their correlation over Ushuaia and Antarctica.
Trajectory analysis
To investigate the potential sources contributing to O 3 production in the marine boundary layer of the SO, the air mass history of the atmosphere was studied using backward trajectory (BT) analysis. The BTs were calculated using version 4.9 of the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model developed by the NOAA's Air Resource Laboratory (ARL) (Draxler and Rolph 2003; Rolph 2003) and were replotted using the IGOR Pro 6.0.3, a powerful graphical software (WaveMetrics, OR, USA) to visualize the pathways of the true image of Antarctica region. A release height of about 500 m for 120-h back trajectories with 6-h intervals was chosen to identify the origin of the air masses at the receptor point of the interest in this work. Trajectory start times of 00:00, 06:00, 12:00, and 18:00 (UTC) were chosen. As an input of the trajectory model, data was downloaded from the NOAA website (link: ftp://arlftp.arlhq.noaa.gov/pub/archives/ reanalysis). Marine boundary layer height was also computed using the HYSPLIT algorithm. The data of boundary layer height was annotated to the trajectories with a color-coded. The selected height level of the particles released ensured that the trajectories started in the atmospheric boundary layer (Eva and Lambin 1998). A back trajectory does not provide any information pertaining to surface O 3 mixing ratio or air parcel dispersion in the atmosphere, i.e., width or depth, but can provide the path of an air mass backwards in time to estimate the potential sources.
Results and discussion

Meteorological conditions during Malaysian Antarctic Scientific Expedition Cruise 2016
Meteorological data such as atmospheric temperature, wind speed, and wind direction were recorded on board during the sampling period. The ambient temperatures were in the range of 5 to 13°C, 3 to 8°C and −1 to 4°C for Ushuaia, the SO, and CAP, respectively. Relative humidity over Ushuaia was lower than the SO and CAP with the values of 50 to 75%. The SO had the highest humidity in the range of 80 to 90% and CAP had values in the range of 75 to 90%. According to Wilson et al. (1979) , the Antarctic region has low humidity compared to the Peninsula region. The wind speed and directions were also recorded on board over Ushuaia, the SO, and CAP. The meteorological data such as wind speed and directions during the cruise period were retrieved with ZyGrib 6.2.3 software. Generally, the wind direction was from the southwest for those three regions. Wind speeds were high at the beginning of the cruise (17th January 2016) over the SO with the values of 30 to 38 ms . The humidity and wind speed may be able to influence the surface O 3 distributions of gases in the atmosphere.
Latest observation on spatial distributions of surface O 3 (Malaysian Antarctic Scientific Expedition Cruise 2016)
Ushuaia and the drake passage In this section, we report hourly surface O 3 during the expedition period. Since the period is short, the results only represent the duration of the expedition period and route, not the entire region. Hourly surface O 3 mixing ratios were measured from the 16th to the 19th January 2016 prior to departure. Surface O 3 mixing ratios over Ushuaia, the Drake Passage, and CAP are shown in Fig. 3 . Surface O 3 measurements from Ushuaia were observed in the range of~4 to~13 ppb. These values were slightly lower than the previous measurements observed by Boylan et al. (2015) over Ushuaia in 2008 with values of 12 to 27 ppb (during January). This region is known for high winds and turbulent seas, which keep the atmosphere well mixed and the day to day variations in O 3 to a minimum (Boylan et al. 2015) . Over the Drake Passage, the surface O 3 mixing ratios decreased as the Beagle Channel was approached (~4.2 ppb) and increased over the open ocean (~12.3 ppb). Previous measurements over the SO by Boylan et al. (2015) observed that surface O 3 mixing ratio increased up to 25 ppb traveling 2000 km from Ushuaia into the SO. A previous study by Johnson et al. (1990) found that the surface O 3 mixing ratios were in the range of 5 to 30 ppb and 10 to 30 ppb at lower latitudes over the Pacific Ocean and the Indian Ocean, respectively. In this study, changes in surface O 3 mixing ratios in the marine boundary layer (MBL) from the Beagle Channel to the open ocean are believed to be influenced by chemical processes (sea spray) and air transport from land (Argentina). Sea-spray aerosol may produce O 3 precursors such as nitryl chloride (ClNO 2 ) (Johnson et al. 1990 ). In addition, OH and Cl radicals in the MBL can also increase surface O 3 formation with Cl (Monks 2000 (Monks , 2005 Conley et al. 2011) . The observations over the Drake Passage in this study are likely to be influenced by the sea-spray process and anthropogenic activities from South America such as Southern Argentina. BT analysis over Ushuaia and the Drake Passage will be discussed in the next section to estimate factors which may influence the mixing ratio of surface O 3 . Fig. 1 Cruise route during MASEC'16 and five selected stations which were used for multi-year data analysis in this study Antarctic peninsula Long-and short-term levels of surface O 3 in the Antarctic Peninsula are still poorly understood. In this study, the spatial distributions of surface O 3 mixing ratios were measured over Ushuaia to CAP during MASEC'16. The mixing ratios were high over CAP compared to Ushuaia and the Drake Passage (Fig. 2) . The Graham Land coast recorded the highest surface O 3 mixing ratio compared to other locations along the cruise with a value of~15 ppb. Coastal surface O 3 mixing ratios may contribute to the transport of O 3 -rich air and subsequent photochemical loss in the MBL. The cumulative biogenic volatile organic compounds (BVOCs), including bromine-containing compounds, in the marine environment can also be involved in surface O 3 formation with the presence of solar radiation (Chameides and Davis 1980; Davis et al. 1996) . It has been reported that algae in ice can release significant amounts of halocarbons into the atmosphere (Sturges et al. 1992) . Thus, it is postulated that the high surface O 3 formation observed in this study was due to photochemical processes in the MBL and stratospheric O 3 over the CAP sink.
Temporal distributions of surface O 3 over Ushuaia, Southern Ocean, and Antarctic (multi-year data)
Ushuaia and the Southern Ocean The multi-year data analyses are shown in box-and-whisker plots in Fig. 3 . The surface O 3 mixing ratios consistently decreased during the summer (January) and increased during the winter each year. The yearly mixing ratios over Ushuaia were consistent throughout the years (from 2009 to 2013) with ranges of 11 to 19 ppb and 22 to 32 ppb during the summer and winter, respectively. The mixing ratios increase during the summer and decrease during the winter (Boylan et al. 2015) . The monthly variability in surface O 3 ranges between 12 and 27 ppbv in the available data (see Fig. 6 in Boylan et al. 2015) . Surface O 3 mixing ratios over the SO measured from 29th February to 9th April 2008 during the Gas-EX cruise in the same study range from 10 to 27 ppbv. Nevertheless, the SO data from the Gas-EX cruise were from the northern side of the SO (east of Ushuaia ground-based measurements in Boylan et al. 2015) . Currently, there is still a lack of observations of surface O 3 over the southern part of the SO (the Drake Passage) towards the Antarctic Peninsula.
Antarctic region The characteristics of the geographical, climatic, and chemical environment are important in determining the surface O 3 mixing ratio over the Antarctic region. Three main sources of surface O 3 were believed to influence concentrations: (i) horizontal transport to or from middle latitude, (ii) vertical exchange with the O 3 -rich stratosphere, and (ii) chemical destruction or production within the domain (Niki and Becker. 1993 ). In the review of surface O 3 over six stations in the Antarctic region by Neff et al. 2008 , the period of the study was from 1973 to 2005. In our study, we reported recent analysis for five stations (2010 to 2014 and 2015) over each part of the Antarctic covering southern, central, eastern, and western regions (including the Peninsula).
Most data were recorded successfully, with the exception of some data from the MM station (Peninsula). The annual O 3 cycle in Fig. 3 showed that high-level surface O 3 occurred during the winter (June to August) and decreased during the summer (January to February) each year. This observation was consistent with the observation by Neff et al. (2008) . Low CO and NO x environments over the Antarctic where more O 3 destruction than O 3 production during the summer months result in a decline of ambient O 3 level (Neff et al. 2008) . Table 1 shows the summary of the multi-year surface O 3 mixing ratios over the five stations in this study. According to Sturges et al. (1997) , ice-coverage fluctuates seasonally, meaning algae-or bacteria-produced bromine will also fluctuate, implying in ice-water coverage is a player in the ocean- The unique character of the summertime surface O 3 behavior can be seen in the comparison of the seasonal variation at central (SPO) and coastal stations. The unique characteristic is referring to the depletion process due to halogen photochemical reactions in the presence of sunlight during the summer. The seasonal pattern at HB, NM, and SY is typical of other coastal locations in Antarctica observed by Oltmans and Komhyr (1976) and Helmig et al. (2007a) . At those three locations (see Fig. 3 ) spring (August-September-October) mixing ratios of surface O 3 values begin to decline towards a seasonal minimum in January each year. Furthermore, with reduced levels of O 3 in the stratosphere, enhanced amounts of UV radiation penetrate the troposphere leading to O 3 photolysis in the near-surface atmosphere (Schnell et al. 1991) . Furthermore, a reduction of surface O 3 towards the summer was seen throughout the Southern Hemisphere by Oltmans and Levy II (1994) and is associated with strong photochemical loss processes during the summer in an environment where low NO concentrations prevail and there are long daylight periods (Ayers et al. 1992 ). However, periodic events over SPO with the highest values of the year are seen during the entire winter, where the mixing ratios over SPO were still higher than other stations with values of 25 to 27 ppb (September to December). Previous observations showed that high events over SPO are characterized by calm winds, high solar radiation, and sustained stable boundary layer conditions compared to other locations in Antarctica Helmig et al. 2007b; Neff et al. 2017 ). In addition, deposited nitrate results in fluxes of NO x out of the snowpack into the atmosphere ). This caused NO mixing ratios in the surface layer to frequently reach~500 pptv and surface O 3 formation that is reflected in the SPO record (Crawford et al. 2001; Chen et al., 2004) . During March to October each year, all stations had similar surface O 3 levels but they differed from one another during the late spring and summer. In this study, MM was the only Peninsula coastal station which had data available from WMO WDCGG. Figure 3 shows the event of elevated surface O 3 with the values reaching from 50 (February 2012 and to 60 ppb (September 2014). During January over MM, the surface O 3 was the lowest with a value of~16 ppb; this was supported by the latest observation during MASEC over CAP with a value of~15 ppb as mentioned earlier. The transport of 
Satellite and Monitoring Atmospheric Composition and Climate reanalysis in comparison with Malaysian Antarctic Scientific Expedition Cruise 2016 data
The data from NOAA-AIRS satellite products and MACC reanalysis were retrieved for Jan/Feb 2016, when MASEC'16 occurred. The satellite AIRS surface O 3 data at 1000 hPa during the period of MASEC'16 was extracted from the NASA Goddard BGiovanni^online database (http:// oceancolor.gsfc. nasa.gov/SeaWiFS/). The daily averages for Ushuaia and the Antarctic Peninsula were compared with MASEC'16 data and are shown in Fig. 4 . The average daily mixing ratios of surface O 3 patterns were similar but the values were slightly higher in the case of satellite data (1000 hPa) with values in the range~14 to 23 ppb compared to the cruise data with daily average values of~7 to 12 ppb for the in situ data. According to Duncan et al. (2014) , the development of a surface O 3 satellite product is fraught with many obstacles, so that such a product is not currently feasible. First, the portion of the tropospheric O 3 is about ten times less than the amount in the stratospheric O 3 , making it very difficult for satellite instruments to discriminate between the stratospheric and tropospheric surface O 3 amounts (Duncan et al. 2014) . Nevertheless, the tropospheric O 3 data sometimes correlates well with surface data, including in urban areas (Kar et al. 2010) .
In this study, the findings are not necessarily surprising even if satellite observations were slightly higher than in situ. Similar findings by Mohd Nadzir et al. 2014, on satellitebased products where they observed the satellite-derived chlorophyll-a, were overestimated compared to the in situ observations over the marine region. In this study, the observed surface O 3 concentrations might originate over a wide geographic area and were not necessarily driven solely by localized emissions. In this context, satellite-derived surface O 3 , also providing information from a wider area, may potentially be more relevant than in situ measurements. Nevertheless, both the data sets showed high concentrations over the Environ Sci Pollut Res (2018 Res ( ) 25:2194 Res ( -2210 Antarctic Peninsula compared to Ushuaia. The average daily levels over Ushuaia and the Antarctic Peninsula between the AIRS satellite and the cruise data were correlated with r 2 = 0.48 and p < 0.01. There are difficulties in comparing satellite data to in situ measurements, but we believe that this type of comparison still provides valuable information from a data-sparse region.
As shown in Fig. 5 , the hourly surface O 3 mixing ratios from the MACC reanalysis (1000 hPa) were slightly higher (almost 2× higher) compared to the in situ MASEC'16 data, with daily values of~9 to 22 ppb and 7 to 12 ppb for the MACC reanalysis and MASEC'16, respectively. This type of observation was also reported by Inness et al. (2014) on tropospheric O 3 over Antarctica. They reported the reanalysis biases between MACC and ozonesondes are within ± 5-10% in the NH and over the Antarctic. The explanation details of the reanalysis biases were well explained in Inness et al. (2013) . The MACC model's background column value is calculated as a simple vertical integral between the top and the bottom pressure given by the partial or total column, at the time and location of the observation (Innes et al. 2013 ). The observation error and background error covariance matrices in the model determine the uncertainties in the assimilated data (Innes et al. 2013) . In this study, the correlation between the MACC reanalysis and MASEC'16 was positive with r 2 = 0.46, p < 0.01. The statistical values for the NOAA-AIRS, the MACC reanalysis, and MASEC'16 are summarized in Table 2 . In Fig. 6 , the MACC reanalysis shows monthly mixing ratios of surface O 3 increased when approaching the Antarctic region.
Carbon monoxide influence over surface O 3
Multi-year monthly mixing ratio of CO Ushuaia It has been well recognized that the photochemical oxidation of CO, CH 4 , and other hydrocarbons in the atmosphere will produce O 3 , provided NO x and volatile organic carbon (VOC) concentrations are above a critical limit, while these same photochemical oxidation reactions will destroy O 3 if the NO x mixing ratio is below this critical limit. To investigate the influence of CO on surface O 3 concentration, we have plotted a 4-year (1st January 2009 to 31st December 2013) time series of hourly CO and surface O 3 from WMO WDCGG over Ushuaia. This period of observation is used to identify Fig. 7 and 8. Table 3 shows the average monthly and standard deviation for CO and surface O 3 data from 2009 to 2013. CO and surface O 3 mixing ratios increased from March to July and decreased from September to February each year. The peak of surface O 3 and CO mixing ratios reached up tõ 38 ppb (O 3 ) and~500 ppb (CO) when approaching the end of March every year. The mixing ratios of surface O 3 decreased from July to December every year as shown in Fig. 8 . The high CO mixing ratios in the summer (January) every year influenced the surface O 3 depletion in the presence of NO x in the atmosphere. This depletion process occurred due to the titration of NO x reducing O 3 to O 2 . The NO x mixing ratio was high over Ushuaia due to the high CO emitted from Ushuaia city. This may be the reason why surface O 3 mixing ratios were low during January every year. Nevertheless, the CO and surface O 3 showed both mixing ratios increased during winter. Figure 9 shows seasonal monthly average variations of surface CO and O 3 over Ushuaia from 2009 to 2013. A negative correlation between surface O 3 and CO is observed during January every year with r 2 values of~− 0.78, p < 0.01 and − 0.81, p < 0.01for January 2009 and January 2013 (Fig. 10) . Antarctic In the Antarctic region, transport activity, for tourism (cruise ships) and scientific activities (research ships), is rapidly increasing. Thus, there is the additional risk of CO pollution from exhaust fumes into the Antarctic atmosphere. In contrast to Ushuaia hourly data, only the monthly data of CO mixing ratio over SPO were available from WMO WDCGG. The monthly CO mixing ratios over SPO were consistently low during the whole period of 2009 to 2015. This is due to the absence of human activities over the Antarctic compared to Ushuaia. According to Yurganov et al. (2009) , the CO has a pronounced seasonal cycle in the Arctic and in mid-latitudes of the Northern Hemisphere. OH variations appear to be the most obvious cause of this cycle.
The surface O 3 mixing ratios increased as CO increased over SPO as shown in Fig. 11 . The CO mixing ratio was much lower than polluted areas, with minimum and maximum values of 38 and 53 ppb, respectively. Due to the lower CO mixing ratio, the NO x mixing ratio is expected to be low over the boundary layer of the Antarctic. Thus, the surface O 3 formation is more pronounced compared to Ushuaia during the summer. As discussed earlier, surface O 3 formation over SPO is likely to be influenced by the sink of stratospheric O 3 into the troposphere and the accumulation of NO x in the ice surface . Positive correlations observed between surface O 3 and CO over SPO and r 2 for each year were in the region of~0.78, p < 0.01 (Fig. 12) . Figure 13 for the MACC reanalysis shows the monthly mixing ratio of surface 
Backward trajectory analysis
The travel pathways of the BTs at Ushuaia, SO, and CAP were plotted (Fig. 14) . Using the HYSPLIT 4.9 version of the model, the BTs were estimated for each day and compiled into IGOR Pro to visualize the pathways in the Antarctic region. As an input of the trajectory model, the data set was downloaded from the NOAA website (link: ftp://arlftp.arlhq. noaa.gov/pub/archives/reanalysis).
The period of the BTs was the 16th to 19th January 2016, the 22nd to 24th January 2016, the 25th to 26th January 2016, and the 28th to 31st January 2016 for Ushuaia, SO, and two anchored stations along the CAP, respectively. On the trajectories, the mixing height of the MBL (m) was also estimated using the in-built HYSPLIT model. The BTs at Ushuaia originated from the northwest (NW) direction and around the monitoring station, the mixing height was about 300-400 m from the 16th to 19th January 2016. Over the SO, the BTs were transported from the NW and the mainland of the Antarctic Peninsula. The mixing height of MBL was about 600 m. However, the BTs traveled from the west to the south before they arrived at the CAP region during 25th to 26th Environ Sci Pollut Res (2018 Res ( ) 25:2194 Res ( -2210 January 2016. The BTs originating from the west during the 28th to 31st January 2016 were with the lowest height of MBL as compared to the MBL of other durations and places in the Antarctic region. The results of the trajectories can be interpreted with the elevation of surface level O 3 as well as the change to the height of MBL. During the cruise in the CAP, the mixing ratios of surface O 3 were higher compared to other locations. During the shift of surface O 3 , the air mass originated from the SO as well as the mainland around Ushuaia, an area that experienced high concentrations of O 3 precursors such as NO x and CO. The noted shift of air mass in this region may in part influence the anthropogenic impact on the formation of surface O 3 that might move with air masses around the Antarctic Peninsula. As referred to in the previous section, NO x titration reduces O 3 in the Ushuaia region. The mixing ratios of NO x and CO were high at Ushuaia city due to anthropogenic activities. Even though the mixing height was relatively lower in this region, the heterogeneous reactions involved in the titration process decrease the O 3 mixing ratio. Another determinant of surface O 3 elevation is ambient pressure gradient. The pressure level was relatively lower in the Peninsula region which altered the mixing ratio of surface O 3 consistently. In contrast, higher pressure levels at Ushuaia were observed which indicate the reason of the low mixing ratio of surface O 3 . The potential temperature (θ) also shown on the BTs (not included in the list of Figures) and the Figures showed an elevation of potential temperature compared to the Ushuaia region. Therefore, the potential temperature is another potential determinant in describing the variation of surface O 3 in the Antarctica region. The elevated surface O 3 in the Antarctic Peninsula is consistent with the lower MBL in this region.
Conclusion
Surface O 3 levels are believed to be a result of a combination of a complex conditions and processes dependent on the location and the proximity to the coast, the stratospheric O 3 sink, O 3 precursor distribution, and human influences. Short-term (MASEC'16) and multi-year (WDCGG) measurements of surface O 3 over Ushuaia and Antarctic were achieved. A new set of measurements of surface O 3 over Ushuaia, the Drake Passage, and CAP was successfully achieved throughout the cruise campaign. The results from the MASEC'16 cruise mixing ratios were high, in the order of CAP > the Drake Passage > CAP along the route of the cruise. The multi-year surface O 3 data showed strong seasonal cycles over Ushuaia and the Antarctic. Multi-year observations of surface O 3 over Ushuaia using WMO WDCGG showed levels decreased during the summer (January) and increased during the winter each year. The multi-year surface O 3 mixing ratios over five stations in Antarctica were consistent each year.
Surface O 3 over SPO was the highest recorded among the stations, where transport of O 3 from the stratosphere was a stronger influence over this region. Photochemical reactions and the transport of O 3 -rich air from marine areas, ice, and land, as well as the stratospheric O 3 sink, are all believed to influence O 3 levels over the Antarctic region. The January/ February levels from the WDCGG multi-year analysis of surface O 3 over Ushuaia were between~10 to 15 ppb, which is similar to the observations made during MASEC'16. The depletion of O 3 was dominant during these months (summer) due to the titration of NO x (photochemical reaction) over polluted areas like Ushuaia compared to the Antarctic region. This is supported by high mixing ratios of CO over Ushuaia, in the range~38 to~500 ppb. The surface O 3 levels were consistent throughout January and February each year for most of stations in Antarctica. The formation processes of surface O 3 over the SPO were dominant with the highest mixing ratios observed, ranging between~20 to 30 ppb. This can be explained by the low CO (with the assumption of less NO x ) with ranges of 38 to 53 ppb over the Antarctic atmosphere. The surface O 3 mixing ratio measured over CAP was the highest, approaching~15 ppb. The satellite and MACC reanalysis data showed a consistent pattern of the surface O 3 mixing ratios and was similar to observations during MASEC'16. Both the satellite and MACC mixing ratio patterns are generally in very good agreement with observations over Ushuaia, the Drake Passage, and CAP but the values were slightly higher,~40 to 50%, than MASEC'16. The back trajectories showed potential anthropogenic and biogenic impacts on the formation of surface O 3 over the study areas. In the near future, more long-term in situ measurements are needed over the Drake Passage and the Antarctic Peninsula since these regions are close to anthropogenic influences.
